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Intracellular calcium storeBoth synaptic N-methyl-D-aspartate (NMDA) receptors and voltage-operated calcium channels (VOCCs) have
been shown to be critical for nuclear calcium signals associated with transcriptional responses to bursts of
synaptic input. However the direct contribution to nuclear calcium signals from calcium inﬂux through
NMDA receptors and VOCCs has been obscured by their concurrent roles in action potential generation and
synaptic transmission. Here we compare calcium responses to synaptically induced bursts of action poten-
tials with identical bursts devoid of any synaptic contribution generated using the pre-recorded burst as
the voltage clamp command input to replay the burst in the presence of blockers of action potentials or
ionotropic glutamate receptors. Synapse independent replays of bursts produced nuclear calcium responses
with amplitudes around 70% of their original synaptically generated signals and were abolished by the L-type
VOCC blocker, verapamil. These results identify a major direct source of nuclear calcium from local L-type
VOCCs whose activation is boosted by NMDA receptor dependent depolarization. The residual component
of synaptically induced nuclear calcium signals which was both VOCC independent and NMDA receptor de-
pendent showed delayed kinetics consistent with a more distal source such as synaptic NMDA receptors or
internal stores. The dual requirement of NMDA receptors and L-type VOCCs for synaptic activity-induced nu-
clear calcium dependent transcriptional responses most likely reﬂects a direct somatic calcium inﬂux from
VOCCs whose activation is ampliﬁed by synaptic NMDA receptor-mediated depolarization and whose calci-
um signal is boosted by a delayed input from distal calcium sources mostly likely entry through NMDA recep-
tors and release from internal stores. This article is part of a Special Issue entitled: 12th European Symposium
on Calcium.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Nuclear calcium signals resulting from synaptic activity are impor-
tant for triggering gene expression responsible for the long-term im-
plementation of a variety of neuroadaptations, including acquired
neuroprotection, memory formation and chronic inﬂammatory pain
[1–6]. However, the source of calcium entering the nucleus following
synaptically induced bursts of activity remains unclear (for a reviewA, 2-amino-3-(3-hydroxy-5-
ulfoxide; APV, DL-2-amino-5-
-2,3-dione; TTX, tetrodotoxin;
cellular signal regulated kinase;
lin-dependent protein kinases;
in; CBP, CREB-binding protein;
tial
opean Symposium on Calcium.
+49 6221548700.
(C.P. Bengtson),
l rights reserved.see [7]). Both calcium entry in the neurons via L-type VOCCs and
NMDA receptors and also calcium release from intracellular stores
have been implicated in the generation of nuclear calcium transients
and the activation of their principal targets, cAMP response element
binding protein (CREB) and its coactivator, CREB-binding protein
(CBP) [8–17]. Pharmacological blockade of either NMDA receptors
or VOCCs blocks around 90% of the nuclear calcium response to re-
peated trains of high frequency synaptic stimulation; however,
blockers of NMDA receptors and VOCCs also cause an equivalent re-
duction in the number of action potentials (APs) evoked by presynap-
tic stimulation [18]. This raises questions about whether the dual
requirement of VOCCs and NMDA receptors for transcriptional re-
sponses relates to their direct contribution to nuclear calcium inﬂux
or to membrane potential depolarization and AP generation. Indeed
the reduction in 5 or 100 Hz burst stimulation-induced phosphoryla-
tion of extracellular signal regulated kinase (ERK) by NMDA receptor
antagonists can be rescued with treatments which restore the burst
induced depolarization and thus VOCC activation [19].
NMDA receptors and VOCCs also participate in complex inter-
dependent interactions to activate calcium release from intracellular
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through NMDA receptors and VOCCs which when combined with ino-
sitol 1,4,5 triphosphate (IP3) production triggers calcium release
from internal stores which can amplify and propagate synaptically
activated calcium signals along dendrites into the soma [20,21].
Such interdependent roles of NMDA receptor and VOCC function in
synaptically-induced nuclear calcium signals make it difﬁcult to
decipher their individual contributions.
To further complicate matters, the pharmacological tools used to
block L-type VOCCs and NMDA receptors are not without caveats.
Dihydropyridines such as nifedipine and nimodipine are widely used
to block L-type VOCCs but do not completely block Cav1.3 channels
[22] and are known to increase synaptic glutamate release [23]. DL-
2-amino-5-phosphonopentanoic acid (APV), a competitive NMDA
antagonist, has also been widely used to determine NMDA receptor
dependent contributions to synaptically activated signaling but may
be displaced from its receptor by high synaptic cleft glutamate concen-
trations expected with presynaptic AP bursts. The non-competitive an-
tagonist, MK801, can reduce or even abolish AP bursting in culture
(unpublished observation). Thus non-selective actions and incomplete
receptor blockade also hamper pharmacological approaches tomeasur-
ing synaptically induced calcium responses.
To assess the direct contribution of calcium ﬂux through NMDA
receptors and VOCCs to synaptically-induced nuclear calcium signals
requires techniques to isolate each channel type without affecting
the nature of the synaptic input or its postsynaptic electrical re-
sponse. Using a small molecule calcium indicator in the patch pipette
we have measured somatic calcium responses in hippocampal neu-
rons in culture during a single synaptically-induced AP burst. This re-
sponse was then compared to that of an electrically identical AP burst
generated by the voltage clamp command signal at the somatic patch
pipette in the absence of synaptic activity. This allowed us to compare
calcium responses to a synaptically induced AP burst with an identical
replay generating a purely VOCC calcium signal devoid of contribu-
tions from synaptic NMDA receptors. This approach circumvents
problems of incomplete receptor blockade, non-speciﬁc pharmaco-
logical actions and indirect effects of blockers on the highly variable
electrical waveform of the AP burst itself.
2. Material and methods
2.1. Hippocampal cell culture
Hippocampal neurons from newborn mice were cultured as de-
scribed [17,24]. Neurons were plated onto 12 mm diameter glass
coverslips at a density between 400 and 600 cells per mm2.
All patch clamp recordings were done after a culturing period of 10
to 12 days in vitro (DIV) during which hippocampal neurons ex-
pressing markers for either glutamate (~90% of neurons) or GABA
(~10% of neurons) develop a rich network of processes, express func-
tional NMDA-type and 2-amino-3-(3-hydroxy-5-methyl-isoxazol-4-yl)
propanoic acid (AMPA)/kainate-type glutamate receptors, and form
synaptic contacts.
2.2. Patch clamp recordings
Whole-cell patch clamp recordings were made at 25 °C from
cultured hippocampal neurons plated on coverslips secured with a
platinum ring in a recording chamber (Open access chamber-1,
Science Products GmbH, Hofheim, Germany) with heated in-line
perfusion (TC324B, Warner Instruments Corporation) running con-
stantly at 2 to 3 ml per min. Patch electrodes (3–4 MΩ) were made
from borosilicate glass (1.5 mm, WPI, Sarasota, FL, USA) and ﬁlled
with intracellular solution (containing in mM: K gluconate, 115;
NaCl, 9; KCl, 21; HEPES, 10; EGTA, 5; CaCl2, 0.25; K2-phosphocreatine,
10; Mg2-ATP, 4; Na3-GTP, 0.3; Fluo4-K4, 0.2; pH 7.35 with KOH). Theextracellular solution was an artiﬁcial cerebrospinal ﬂuid (ACSF, in
mM: NaCl, 125; KCl, 3.5; MgCl2, 1.3; NaH2PO4, 1.2; CaCl2, 2.4; glucose,
10; NaHCO3, 26; gassed with 95% O2 and 5% CO2). Alexa592 (10 μM)
was added to the internal solution for ratiometric imaging. Record-
ings were made with a Multiclamp 700A ampliﬁer, digitized through
a Digidata 1322A A/D converter and acquired using pClamp software
(Molecular Devices, CA, USA). Access resistance (range: 6–15 MΩ)
was monitored regularly during voltage clamp recordings and data
was rejected if changes greater than 20% occurred. All membrane
potentials have been corrected for the calculated junction potential
of −10 mV.
Recurring bursts of APs which have also been described as epilepti-
form activity, were induced with (+)-bicuculline (25 μM, Axxora,
Germany). APV, nimodipine, (RS)-α-methyl-4-carboxyphenylglycine
(MCPG) and verapamil were obtained from Biotrend (Cologne,
Germany). (+)-MK801 maleate (Dizocilpine, MK801) and 6,7-
dinitroquinoxaline-2,3-dione (DNQX) were purchased from Tocris
(R&D Systems, Wiesbaden-Nordenstadt, Germany). Nifedipine and
all other compounds were obtained from Sigma (Munich, Germany).
Nifedipine, nimodipine, DNQX and bicuculline were dissolved in
dimethylsulfoxide (DMSO); all other drugs in water. The ﬁnal
DMSO concentration never exceeded 1:1000.
2.3. Calcium imaging
Neurons were viewed with differential interference contrast
optics, infrared illumination through a 40× (LUMPLFL40xW, N.A.
0.8, Olympus, Hamburg, Germany) objective on a wide ﬁeld upright
microscope (BX51WI, Olympus) equipped with a digital camera
(sCMOS, Andor, BFi OPTiLAS, Groebenzell, Germany) connected to a
computer monitor through a PC interface using Andor IQ2 software.
Fluorescent excitation light was generated by a 470 nm LED for
Fluo-3 and Fluo-4 and by a 565 nm LED for Alexa594 (CoolLEDs,
Andover, UK). Fluo-4 and Fluo-3 were imaged using an ET470/40
excitation ﬁlter, ET495 long pass dichroic and an ET525/50 emission
ﬁlter; Alexa594 was imaged using an ET560/40 excitation ﬁlter,
ET585 long pass dichroic and an ET620/60 emission ﬁlter (AHF
Analysetechnik, Tuebingen, Germany). All images were corrected
for background ﬂuorescence using a measurement from the same
image in a region devoid of ﬂuorescence. Data is presented as: ΔF/
F0=(F−F0) /F0 where F represents the average background sub-
tracted emission ﬂuorescence intensity in a region of interest (ROI)
and F0 represents the baseline F in the same ROI measured prior to
each response. For ratiometric imaging, data is presented as ΔR/
R0=(R−R0)/R0 where R represents the ratio of background
subtracted Fluo-4 to Alexa594 ﬂuorescence and R0 represents R
measured prior to each response.
All single cell imaging experiments used imaging sequences of
50 s and an image rate of 5 Hz (for ratiometric imaging 10 Hz)
using 30 ms exposure time and 4×4 pixel binning. ROIs were placed
approximately around the nucleus, as identiﬁed by its higher ﬂuores-
cence thought to reﬂect a higher ﬂuophor concentration due to dye
compartmentalization. Calcium responses to AP bursts were recorded
after a minimum of 10 min in whole cell mode to allow perfusion
with the intracellular solution to reach equilibrium. The stability of
the recordings was judged from calcium responses to depolarization
to 0 mV at the beginning and end of the recording whose response
did not cause dye saturation (Fdepol=56±8% of Fmax determined
with 50 μM ionomycin application in 12 cells). Figures show normal-
ized responses to stimulation calculated from the ΔF/F0 or ΔR/R0 data
on a within-cell basis. All imaging parameters were identical for se-
quence pairs used for normalization.
For multicellular calcium imaging, coverslips were loaded at 37 °C
for 30 min in medium containing 3 μM Fluo-3-AM dissolved in
DMSO and pluronic acid 127 (Molecular Probes). After washing in
ACSF, the coverslips were left for at least 20 min before imaging to
Fig. 1.Multicellular calcium imaging showing the effects of blockers on AP bursting and its associated calcium transients. Each panel shows a current clamp recording (lower black
trace) from a DIV10-12 hippocampal neuron and simultaneous calcium recordings (upper traces) from 10 to 15 neighboring cells (gray traces) and their average (red traces). Data
is expressed as % ΔF/F0 (see Material and methods) calculated from ROIs placed over the entire soma of each neuron. Bicuculline (25 μM) application induced synchronous calcium
transients and AP bursts whose amplitudes were reduced by nifedipine (10 μM, A), APV (50 μM, B) and MK801 (10 μM, C). Examples of individual bursts taken from the boxed
regions in the presence of bicuculline (bic) alone or after the blocker was added (+blocker) with adjusted F0 are shown to the right of each panel.
1674 C.P. Bengtson et al. / Biochimica et Biophysica Acta 1833 (2013) 1672–1679complete deesteriﬁcation. Multicellular imaging was performed at
2 Hz and analysis was performed using ROIs placed over the entire
somatic region of each neuron distinguished from glial cells from
their appearance in differential interference contrast images.
All data are expressed as mean±standard error of the mean.
Statistical comparisons were made using t tests for independent or
paired samples.3. Results
3.1. NMDA receptor and L-type calcium channel blockers dampen both
AP bursts and their associated calcium transients
To demonstrate the effect of the L-type VOCC blocker nifedipine or
the NMDA receptor blockers, APV and MK801, on calcium responses
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whole cell patch clamp recordings from a single cell while simulta-
neously recording calcium levels from up to 30 nearby neurons with
the calcium sensitive dye, Fluo3-AM (Fig. 1). Recurrent bursting activity
was induced through disinhibition of the culture by bath application of
bicuculline, a GABAA receptor antagonist. We have previously shown
that bicuculline-induced AP bursting and the associated calcium re-
sponses in hippocampal cultures occur synchronously in a large propor-
tion of neurons throughout the culture and are blocked by application of
either the voltage dependent sodium channel blocker, tetrodotoxin
(TTX), or AMPA and kainate receptor blockers such as DNQX [25,26].
Application of nifedipine, APV orMK801 also reduces calcium transients
associated with AP bursting (Fig. 1). However, the frequency and
duration of AP bursts are also affected by these drugs most likely due
to nonspeciﬁc effects on quantal release [23] or the electrical contribu-
tion of VOCCs and NMDA receptors to the depolarization [19] (see
Section 4). In addition, the constantly varying form (duration, AP num-
ber and baseline depolarization) of AP bursts makes any direct quanti-
tative comparison of their associated calcium responses imprecise.
3.2. Direct comparison of somatic calcium signals associated with
synaptically evoked and non-synaptically evoked AP bursts
To distinguish calcium inﬂux through VOCCs from that arising
from synaptic NMDA receptors we compared calcium responses to
an AP burst generated by synaptic input (i.e., a regular AP burst)
with calcium responses to an electrically identical AP burst devoid
of any synaptic activity. This was achieved by ﬁrst recording in cur-
rent clamp mode a regular AP burst in the presence of bicuculline be-
fore washing on either APV and DNQX or TTX which rapidly stopped
all burst activity due to their blockade of synaptic glutamate receptors
or action potentials which are both necessary for this network medi-
ated AP bursting [25,26]. The cell was then switched to voltage clamp
and the pre-recorded AP burst was replayed to the cell as the com-
mand signal from the ampliﬁer. Both the synaptically generated
burst and its replay were electrically identical, however, the peak am-
plitude of calcium responses in a region of interest approximately
corresponding to the nucleus (Fig. 2A) was signiﬁcantly smaller for
the replayed burst in the presence of either APV and DNQX or TTX
(Fig. 2A, B, D). Similar results were obtained with a ratiometric anal-
ysis using both Fluo-4 and Alexa 594 in the pipette (Fig. 2C, D). This
suggests that synaptic activity boosted AP burst-induced somatic/
nuclear calcium signals through mechanisms other than depolariza-
tion and VOCC activation such as calcium entry through synaptic
NMDA receptors and the release of calcium from internal stores.
Calcium responses to a depolarization to 0 mV which were
recorded at the beginning and end of most experiments showed a
comparable reduction after APV and DNQX application (Fig. 2A, D).Fig. 2. Single cell recordings of calcium responses to synaptically induced AP bursts and
their synapse-independent replay. Image in A shows an example of a neuron ﬁlled
with Fluo-4 through the patch pipette outlined to the right of the cell soma. All calcium
measurements came from a region of interest roughly corresponding to the nucleus
(blue circle in image in A) using either Fluo-4 (A, B ΔF/F0) or Fluo-4 combined with
Alexa594 to generate a ratiometric analysis (C ΔR/R0). Each panel shows a simulta-
neous current clamp recording (lower black trace) and calcium recording (upper
traces) from a single cell during one bicuculline-induced, synaptically generated AP
burst and its replay generated by the voltage clamp command signal in the presence
of either DNQX (20 μM) and APV (50 μM) (A, C) or TTX (1 μM) (B). The inset above
the calcium traces in A shows an expanded view of the boxed area with markers at
each data point to demonstrate that our 5 Hz imaging rate was sufﬁcient to resolve re-
sponse peaks. The remaining insets in each panel show calcium responses to a depolar-
ization step to 0 mV applied before bicuculline application (control) and after the
AP burst replay but still in the presence of the blockers. D. Histogram showing the
summary data for calcium response peak amplitudes (mean±s.e.m.) for AP burst
and depolarization step induced responses from the number of neurons indicated
next to each bar. Normalized calcium responses to step depolarization recorded ﬁrst
in DNQX+APV and after a comparable time span in control ACSF are also shown (“re-
verse order”). *pb0.01; **pb0.001, paired t tests.
Fig. 3. Calcium responses to synaptically induced AP bursts in the presence of APV or
MCPG and their synapse-independent replay. A, B. Shown are representative record-
ings of membrane potential (lower black trace) and Fluo-4 somatic (approximately nu-
clear) calcium responses (upper traces) during bicuculline-induced, synaptically
generated AP bursts in the presence of either 50 μM APV (A) or 500 μM MCPG (B)
The same bursts were replayed in voltage clamp in the presence of DNQX (20 μM)
and APV (50 μM). The insets in each panel show calcium responses to a depolarization
step to 0 mV applied before bicuculline application (control) and after the AP burst re-
play but still in the presence of the blockers. C. Histogram showing the summary data
for calcium response peak amplitudes (mean±s.e.m.) for AP burst and depolarization
step induced responses from the number of neurons indicated next to each bar.
*pb0.05, paired t tests.
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seen with ratiometric imaging (Fig. 2C, D) and to a lesser extent in con-
trol experiments where APV and DNQXwere present for the ﬁrst depo-
larization measurement but not for the second (Fig. 2D “depol reverse
order”) or when TTX instead was applied (Fig. 2B, D). Thus APV and
DNQX were only partly responsible for the reduction in depolarization
induced calcium responses and some residual rundown is apparent,
likely due to bleaching of our calcium indicator, Fluo-4, or increased
intracellular perfusion and calcium buffering from EGTA and Fluo-4.
3.3. Bursts recorded in the presence of NMDA or metabotropic glutamate
receptor antagonists evoke calcium signals not different from their synapse-
independent replays
Wenextwished to distinguishwhether differences between calcium
responses to AP bursts and their synapse-independent replays were
due to some rundown phenomenon or to some boost to the VOCC
component from other calcium channels or release. We reasoned that
synaptically activated bursts measured in blockers of synaptic receptors
for calcium entry and release, namely NMDA receptors and the me-
tabotropic glutamate receptors (mGluRs), would generate calcium sig-
nals identical to their synapse independent replays apart from any
rundown. Bicuculline-induced AP bursts generated in the presence of
APV showed less baseline depolarization (i.e., inter-spike membrane
potential) as previously reported [19] resulting inmuch smaller calcium
signals (Figs. 1A, 3A). AP bursting recorded in the presence of themGluR
antagonist, MCPG, showed a shorter burst durations and inter-burst
intervals (Fig. 3B). Synaptically-induced bursts recorded in either bi-
cuculline andAPV or bicuculline andMCPG produced calcium responses
not different from their non-synaptically induced replays (Fig. 3C).
Depolarization-induced calcium responses recorded in APV and DNQX
were again signiﬁcantly smaller than control responses measured at
the start of the recordings (Fig. 3A, B, C).
3.4. L-type VOCC blockade abolishes calcium responses to voltage clamp
replays of AP bursts
AP bursts generated in the presence of APV and DNQX or TTX by
injection of a command voltage through the patch pipette at the soma
should arise purely from the activation of VOCCs. To test this, we
applied the dihydropyridine L-type VOCC blockers, nifedipine or
nimodipine, and repeated our replay of the AP burst prerecorded in
the same cell. Surprisingly, nifedipine (10 μM, 8 min) blocked less
than two thirds and nimodipine (10 μM, 8 min) just over half of the cal-
cium responses to AP burst replay (Fig. 4A, B, D). Almost identical levels
of blockadewere seen for the calcium response to a depolarizing voltage
step to 0 mV indicating that these dihydropyridines only partly block
VOCC activated calcium entry. A more complete block of both AP burst
replay and depolarization-evoked calcium entry was achieved with the
phenylalkylamine, verapamil (100 or 200 μM, 8 min, Fig. 4C, D). This
conﬁrms that calcium responses to AP bursts driven purely by the volt-
age clamp command signal applied through our somatic patch clamppi-
pette arise entirely from verapamil sensitive channels — presumably
from L-type VOCCs.
3.5. Somatic calcium responses to synaptically induced AP bursts are
boosted by a delayed component
Apart from causing a 20 to 50% reduction in the peak amplitude of
somatic calcium signals evoked by AP bursts, APV/DNQX as well as
TTX altered the kinetics of the calcium response. To better visualize
the difference between synaptically induced bursts and their synapse
independent replay, we subtracted these responses from each other
and plotted the average in Fig. 5A. These traces represent the VOCC
independent component of somatic/nuclear calcium signals activated
by synaptically induced AP bursts. While these curves accuratelyrepresent absolute differences between synaptic and nonsynaptic
responses, the kinetics of the average are heavily weighted by the
larger response differences. To visualize kinetic differences, calcium
responses were normalized to their peak amplitude and averaged to
mask differences in their amplitudes. An overlay of the average re-
sponses reveals a slower response to a synaptically induced AP
burst than to its non-synaptic replay (Fig. 5B). The peak response to
a synaptic AP burst occurred 0.79±0.16 s later than its voltage
clamp induced replay (n=42). Indeed the delay in the synaptically
induced calcium peak correlated with the increased amplitude of
the calcium peak (Fig. 5C, Spearman correlation coefﬁcient=−0.61,
pb0.001). Thus, synaptic activation during AP bursts contributes to
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increase in its amplitude. Note that the delayed boost to nuclear cal-
cium contributed by synaptic glutamate receptor activation varies
greatly from cell to cell.Fig. 4. The effects of L-type VOCC blockers on calcium responses to synapse-independent
replays of AP bursts. Each panel shows a simultaneous current clamp recording (lower
black trace) and calcium recording (upper traces) from a single cell during one
bicuculline-induced, synaptically generated AP burst, its replay generated by the voltage
clamp command signal and another replay in the presence of the L-type VOCC blockers,
nifedipine (A, 10 μM), nimodipine (B, 10 μM) or verapamil (C, 100 μM). Insets in each
panel show calcium responses to a depolarization step to 0 mV applied before bicuculline
application (control) and after AP burst replay but still in the presence of the blockers. All
calcium measurements came from a region of interest roughly corresponding to the nu-
cleus using Fluo-4. D. Histogram showing the summary data for calcium response peak
amplitudes (mean±s.e.m.) for AP burst and depolarization step induced responses
from the number of neurons indicated next to each bar. *pb0.05; **pb0.01, paired t tests.
Fig. 5. Synaptic AP bursts elicit calcium responseswith a larger delayed peak inmany neu-
rons. A. The graph shows the difference between calcium responses evoked by synaptically
driven AP bursts and their synaptic independent replay in the presence of APV and DNQX
for all individual cells (gray traces, n=28) as well as their average difference (red trace).
B. The graph shows the average of all calcium responses normalized to their peak ampli-
tude for synaptically-induced AP bursts and their nonsynaptically-induced AP burst re-
plays measured in APV+DNQX. Note the difference in the timing of each peak indicated
with a black vertical line. n=28. C. The time difference between the peak response to
synaptically-induced AP bursts and their nonsynaptically-induced replays is plotted
against the ratio of their amplitude for each cell. The red line represents a linear ﬁt to the
data which showed a signiﬁcant correlation (slope=0.41, Spearman correlation coefﬁ-
cient=0.59, pb0.001).
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Our results identify VOCCs as the major direct source of calcium en-
tering the soma and nucleus following synaptic burst activity with a
delayed boost from synaptic sources in most cells. The L-type channel
on its own is capable of generating large calcium transients under depo-
larization conditions that are created artiﬁcially but are identical to the
synaptically evoked depolarization. The smaller direct contribution to
nuclear/somatic calcium inﬂux from synaptic calcium sources is not
surprising given their distance from the soma but is not to be confused
with any indirect contributions of NMDA receptors to depolarization
and VOCC activation which were retained in the electrical waveform
of our AP burst replay. Synaptic NMDA receptor activation is known to
prolong depolarization and increase spike numbers during AP bursts
which strongly favors L-type VOCC activation [19,27,28]. Thus the
dual requirement of NMDA receptors and VOCCs for activity-induced
transcriptional responses, CREB phosphorylation, late phase plasticity
and long termmemorymay resultmore fromNMDA receptormediated
activation of VOCCs (and perhaps store release) than with a direct con-
tribution of calcium ions from synaptic NMDA receptor associated
channels.
Independent of any differences in the amplitudes of calcium responses
to an AP burst, the peak of synaptically-induced calcium responses was
delayed with respect to the peak of non-synaptically-induced responses,
the latter showing a peak usually coinciding with the repolarization
phase of the AP burst. Two phenomena could explain the delay of somatic
calcium responses well beyond the repolarization phase: the diffusion of
calcium from a source such as synaptic NMDA receptors located at some
signiﬁcant distance from the soma or alternatively slower signaling path-
waysmediating calcium release from internal stores and the arrival at the
soma of a calcium wave which has propagated along the dendrite(s) to-
ward the soma. NMDA spikes and backpropagating action potentials are
known to facilitate both VOCC and NMDA receptor mediated calcium
inﬂuxes in spines and dendrites which can generate secondary calcium
release from internal stores [29–36]. Complex interactions between den-
dritic membrane potential, voltage dependent calcium channels, internal
stores and dendritic geometry can in turn mediate calcium signals which
propagate to the soma [20].
As previously published [22], we found that blockade of L-type
VOCCs by dihydropyridines is far from complete. Dihydropyridines
block L-type VOCCs in their inactivated state meaning the degree of
blockade is determined by how completely the channels inactivate
[37]. Higher concentrations of these dihydropyridines may have
achieved a more effective block but at the expense of increased
non-speciﬁc pharmacological actions. The residual depolarization-
evoked calcium inﬂux remaining after dihydropyridine application
was not due to non-L-type channels since verapamil, a non-
dihydropyridine L-type VOCC blocker completely abolished depolariza-
tion activated calcium entry. The presence in the hippocampus of
Cav1.3, which is less sensitive to dihydropyridines but blocked by ve-
rapamil [38,39] may explain the poor blockade of depolarization in-
duced calcium entry by nifedipine and nimodipine.5. Conclusions
Our results indicate that the major source of calcium entering the
soma and nucleus in response to synaptically-induced bursts arises
directly from VOCCs though a delayed synaptic NMDA receptor de-
pendent calcium inﬂux boosts this response in a large proportion of
neurons. This implies that the dual requirement for both VOCCs and
NMDA receptors in activity regulated gene expression relates to the
critical role of NMDA receptors in secondary activation of VOCCs
and possibly internal store release by promoting depolarization and
action potential generation. These results remain to be veriﬁed in
brain slice or in vivo preparations.Acknowledgements
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